Abstract: Swidden agriculture is an age-old,
Introduction
Swidden agriculture, also known as slash-and-burn agriculture or shifting cultivation, is an age-old farming practice which is widespread in the tropics. There are 40-50 countries globally with almost 300-500 million people living in the mountainous and hilly parts of Latin America, Central Africa, and Southeast Asia (SEA) and directly or indirectly practicing the swidden system (Mertz, 2009; Li et al., 2014) . The swidden system can be characterized as a farming system where fields are cleared by fire, cultivated for a short period (one to three years), and then left fallow for a longer period Leisz and Rasmussen, 2012) . These phases of swidden system are generally called the burning/conversion phase, the cropping phase, and the fallow phase (Rerkasem et al., 2009; Li et al., 2014) . In many parts of the forest-agriculture frontiers of the tropics, particularly in Southeast Asia, swidden agricultural land is rapidly being transformed to other land-use types. However, knowledge of the spatial and demographic extent of swidden cultivation and the consequences of the transitions taking place is surprisingly scarce Schmidt-Vogt et al., 2009; Padoch et al., 2007) . Debates on the changes in swidden system are linked to globally important issues such as land use/cover change (LUCC), biodiversity loss, and carbon sequestration Rerkasem et al., 2009; Padoch et al., 2010; Bruun et al., 2009) . Since the implementation by the United Nations of the Reducing Emissions from Deforestation and Forest Degradation (or REDD) program, much attention has been paid to swidden agriculture worldwide (Li et al., 2014; Mertz, 2009; Fox et al., 2013) .
Previous studies of swidden cultivation primarily focused on observational and experimental analyses in the fields of anthropology, ethnology, and agronomy (Li et al., 2014) . Field investigations of swidden agriculture were generally based on a specific plot and involved carrying out regular continuous observations (Nakano, 1978; Padoch et al., 2007) , or including household surveys at village scale (Schuck et al., 2002; Rasul and Thapa, 2003) . Since the 1970s, remote sensing has provided a continuous impetus to monitor the patterns and changes of tropical land use and land cover. However, many studies have underlined that swidden agriculture often fails to be identified on land-use and land-cover maps (Padoch et al., 2007; Schmidt-Vogt et al., 2009) . Due to the complexity and dynamics of swidden system, with land-cover types changing from year to year, accurate mapping and delineation of swidden system is challenging (Padoch et al., 2007; Schmidt-Vogt et al., 2009 ). Early swidden agriculture monitoring studies supported by remote-sensing technologies began in the 1980s. In these studies, multi-source and multi-temporal satellite data were used for swidden cultivation mapping. The most commonly used data was Landsat Multi-Spectral Scanner (MSS), Thematic Mapper (TM), and Enhanced Thematic Mapper Plus (ETM+) imagery (Roy et al., 1985; Dwivedi and Ravi Sankar, 1991; Chowdary et al., 2012; Leisz and Rasmussen, 2012) . For example, Leisz and Rasmussen (2012) mapped fallow lands in Vietnam's north-central mountainous area using yearly TM imagery and a land-cover succession model. Chowdary et al. (2012) used TM/ETM+ imagery and a supervised classification method to monitor the alternation of cropping and fallow fields and their transformation to and from forest in Oudomxay Province in northern Laos. Coarse resolution data such as Moderate-resolution Imaging Spectroradiometer (MODIS) and SPOT-4 VEGETATION data are used to study changes in swidden farming at regional and national scales (Hurni et al., 2013; Stibig et al., 2007) . In the tropics, because swidden practice takes place on small plots with area less than 0.01 km 2 (Siren and Brondizio, 2009) , it is therefore challenging to map swidden system accurately using coarse resolution data. Therefore, studies on accurate mapping and delineation of swidden agriculture at macroscopic scale are still scarce.
The alternation of cropping and fallow phases is a dominant feature of swidden system, yet explicit knowledge of the intensity of swidden cultivation is generally lacking (Hett et al., 2012) . There is a clear distinction between long-term and short-term swidden cultivation (Schmidt-Vogt, 1999 ). Short-term swidden cultivation with primary forest swiddening has been widely regarded as an unacceptable and destructive practice as it causes environmental degradation (Cramb et al., 2009; Fox, 2000; Achard et al., 2002; Padoch et al., 2010) . Long-term swidden cultivation with secondary forest swiddening is in many cases a rationally economic and environmental choice for poor farmers in the tropics (Mertz et al., 2008; Cramb et al., 2009) . Severe declines in plant diversity have been observed in SEA when swidden cultivation is replaced by permanent land-use systems (Rerkasem et al., 2009 ). In the humid tropics, extensive tropical secondary forests have been established by the swidden-fallow system (Coomes et al., 2000) . Sovu et al. (2009) studied the species composition, structure, and diversity of secondary forests recovered on abandoned swidden cultivation fields in the lowlands of Laos in relation to 1-km distance from natural forest, fallow length, and crop-fallow rotation cycle. However, at the provincial or higher levels, the relationship between the swidden cycle and fallow forest recovery remains poorly understood.
In the uplands of northern Laos, swidden agriculture has remained a predominant land-use type for centuries. Since the mid-nineties, this traditional agricultural system has undergone dramatic transformation (Roder et al., 1997; Hurni et al., 2013) . To understand the spatio-temporal dynamics of swidden system, the intensity of swidden use, and fallow forest recovery in the northern Laos, we detected swidden agriculture with TM/ETM+ imagery using a decision-tree classification approach, followed by an analysis of the transformation of swidden cultivation during 1990-2011. Next, annual successive Landsat TM/ETM+ images from 2000-2010 were used to delineate the dynamics of the burning and cropping phases. Subsequently, the burned pixels observed in 2000 were compared with their counterparts in the following years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) under ArcGIS 10.0 to investigate temporal trends, frequency of swidden use, and the swidden cycle with time-series Landsat-based NDVI data. Finally, as the swidden cycle ranged from 1 to 11 years, fallow vegetation succession processes were studied. The main objectives of this paper are twofold: (1) mapping and delineating of the swidden system in northern Laos at a provincial scale using Landsat TM/ETM+ imagery; and (2) proposing a new method for calculating the intensity of swidden use in relation to the swidden cycle and swidden frequency based on ArcGIS technology.
Data and methods

Study area
The study area consists of five provinces in northern Laos, namely Phongsali, Luang Namtha, Oudomxay, Bokeo and Luang Prabang (Figure 1 ). This region adjoins southwest China and is an important part of the Great Mekong Subregion. The landscape is predominantly mountainous with the elevations ranging from 196 to 2257 m above sea level. Annual precipitation ranges from 1300 to 1800 mm, averaging approximately 1240 mm (Thongmanivong et al., 2009) . There is a clear distinction between the rainy season (May-October) and the dry season (November-April). Annual average temperature reaches a maximum of 24 during June and Jul ℃ y and a minimum of 14 during December and January ( ℃ Thongmanivong and Fujita, 2006) . A diverse forest types consisting of tropical rainforest, monsoon forest, and low mountainous forest cover more than 80% of the region (Liu et al., 2014) . With the economic upsurge and the development of road networks, upland swidden cultivation and fallow forests are undergoing rapid transformations. The total population of the five provinces is over 1.09 million, with more than one-third concentrated in Luang Prabang. The ethnic composition of northern Laos is characterized by high diversity. The global digital elevation model (GDEM) data with 30-m resolution was obtained from the Computer Network Information Center, Chinese Academy of Sciences. With ArcGIS software, exceptional and missing DEM data values were processed with the Nibble tool and the Raster Calculator. Geographic information on elevation, slope, and aspect were derived from the GDEM data. Field survey samples were acquired in northern Laos from February 24 to March 18, 2013 (Figure 1 ). Glob-Cover 2009 datasets of Laos with a 300-m resolution developed by the European Space Agency were used as references for remote-sensing interpretation. High-resolution Quickbird images from Google Earth TM (GE) were used for remote-sensing interpretation and classification validation.
Mapping and delineating swidden system and other land use/covers
To monitor the spatial extent of swidden agriculture and analyze its spatio-temporal changes in the burning and cropping phases, the land-use and land-cover types identified in this study involved swidden agriculture in the burning and cropping phases, permanent farmlands, forest cover, shrubs/grass, water bodies, and built-up land. A decision-tree model was used for land use and land cover classification. Reflectance values of six non-thermal bands of TM/ETM+ imagery, NDVI, and soil brightness (SB) and soil wetness (SW) retrieved from the Tassel Cap Transformation and Texture index (homogeneity, correlation, entropy, and angular second moment) were calculated to determine the classification parameters. NDVI, SB, and SW were calculated under the ENVI 5.0 platform. The equations used were listed as follows:
where TM 1 -TM 5 represent the blue, green, red, near-infrared (NIR), and short-wave infrared (SWIR1) band respectively, and TM 7 is the SWIR2 band.
A combination of field data, Quickbird and TM/ETM+ images was used to validate the classification results. Quickbird images from GE were available only in parts of northern Laos. For most historical years, validation data were selected from TM/ETM+ images in the dry season using visual interpretation. In the uplands of northern Laos, as the swidden plots are quite small and the spectral features of burned pixels are different from those of other land-use and land-cover types, selection of burned pixels through visual interpretation of Landsat images with band composition of SWIR1, NIR, and red bands is straightforward. As the burned pixels would be transformed to crop pixels in the subsequent one to three years, burned pixels in earlier years were used to validate crop pixels in later years.
Methods for calculating the swidden cycle
A new method was proposed to calculate the swidden cycle in northern Laos under ArcGIS 10.0. The equation was listed as follows: 
where L n is the raster data for burned pixels with swidden cycle of n years. k is a year constant. As the swidden cycles of the burned pixels in 2000, 2003, and 2007 were analyzed, k is set as 2000, 2003 and 2007 correspondingly. n refers to the length of swidden cycle. As the study period is from 2000 to 2011, the value of n is set from 1 to 11 years. B k refers to the raster data for burned pixels in year k, and B k+n refers to the raster data for burned pixels in year k+n. The plus symbol between B k and B k+n means that the spatial intersection should be taken. i is a variable ranged from 1 to (n-1). 
Methods for calculating the frequency of swidden use
The burned pixels detected in 2000 were compared with their counterparts in the following years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) to investigate the frequency of swidden use using time-series Landsat-based NDVI data (Figure 2) . First, the burned pixels in each year from 2000 to 2011 were detected. Then the intersections of burned pixels in 2000 and those in subsequent years from 2001 to 2011 were extracted. Time-series NDVIs of these pixels were determined for the whole period from 2001 to 2011. Generally, the NDVI of burned pixels dropped sharply to a low level, generally zero or negative, and then increased from a moderate to high value before slashing and burning. Therefore, by counting the number of times when the NDVI of burned pixels fell below zero, the frequency of swidden use during 2001-2011 was calculated. 
Area and distribution of swidden agriculture
The spatial extents of swidden farming in northern Laos in 1990 Laos in , 2002 , and 2011 were delineated in Figure 3 . During 1990-2011, the area of swidden agriculture increased by 54.98%, from 1.54×10 5 ha to 2.38×10 5 ha. From 1990 to 2002, the area of swidden cultivation increased by 23.94%, and the proportion within the study area increased from 2.41% to 2.99%. From 2002 to 2011, the area of swidden agriculture increased by 25.05%, and the proportion within the study area increased from 2.99% to 3.73%. In the five provinces of northern Laos, swidden farming in Bokeo experienced continuous increase of nearly six The relationships between the changes of swidden agriculture and topographic factors (elevation, slope, and aspect) in northern Laos were analyzed. The range of elevation was divided into six categories: 0-300 m, 300-500 m, 500-800 m, 800-1000 m, 1000-1500 m, and 1500-2000 m. The range of slopes was divided into four categories: <10°, 10°-20°, 20°-30° and >30°. The range of aspects was divided into eight types: north (N), northeast (NE), east (E), southwest (SE), south (S), southwest (SW), west (W), and northwest (NW). The results are shown in Figures 4b, 4c , and 4d. Firstly, swidden cultivation was predominantly distributed at elevations of 500-800 m, 800-1000 m, and 1000-1500 m. From 1990 to 2011, the area under swidden farming increased by 60.87%, 25.20%, and 19.43% respectively at elevations of 500-800 m, 300-500 m, and 800-1000 m, whereas decreases occurred mainly at elevations above 1000 m. Secondly, most swidden systems in northern Laos were distributed on slopes of 10°-20° and 20°-30°. From 1990 to 2011, the area of swidden farming increased by 45.16% and 29.70% respectively on slopes of 10°-20° and 20°-30°. There was a 19.35% increase in swidden agriculture on slopes of <10° and a 5.79% increase on slopes of >30°. Finally, there were approximately equal proportions of swidden cultivation for all aspects. This indicates that swidden use in northern Laos is not restricted by aspect.
Land-use transformations of swidden cultivation in northern Laos during 1990-2011 are shown in Figures 4e and 4f . Most transformations involved conversions of swidden agricultural land to or from forest land. From 1990 to 2011, 79.57% of swidden agricultural land was transformed to forest cover and 20.25% to shrubland. During the same period, 84.19% of forest cover and 14.74% of shrubland were transformed to swidden agriculture. During 1990 During -2002 , approximately 41,363 ha and 4,007 ha of swidden agricultural land were converted to forest land, shrubland, and permanent agriculture, accounting for 68.47%, 28.74%, and 2.78% of the decrease in swidden land. Meanwhile, approximately 161,430 ha, 18,037 ha, and 1264 ha of forest land, shrubland, and permanent agricultural land were transformed into swidden cultivation, accounting for 89.32%, 9.98%, and 0.7% of the increase in swidden agriculture. During 2002 During -2011 ha, and 2473 ha of swidden cultivation were changed into forest land, shrubland, and permanent agriculture, accounting for 81.47%, 17.11%, and 1.42% of the decrease in swidden agriculture. Meanwhile, approximately 146,165 ha, 69,889 ha, and 5,457 ha of forest land, shrubland, and permanent agricultural land were transformed to swidden cultivation, accounting for 65.99%, 31.55%, and 2.46% of the increase in swidden agriculture. 
Effects of the swidden cycle on fallow vegetation recovery
As the swidden cycle ranged from 1 to 11 years, fallow vegetation succession processes were studied based on Landsat-derived NDVI (see Table 2 ). The NDVI of fallow vegetation increased from 0.20 to 0.63 as the swidden cycle increased from 2 to 11 years. As the swidden cycle became longer, fallow vegetation recovery improved, with higher NDVI values. The linear relationship between them was expressed by Y = 0.0476X + 0.1769, with a correlation coefficient of 0.9698 ( Figure 9 ). In addition, the average NDVI of forest lands in northern Laos was calculated. The results proved that as the swidden cycle lengthened beyond eight years, the NDVI of fallow vegetation (0.55) approximately reached the average NDVI of forest cover (0.56). As the swidden cycle lengthened beyond 10 years, the NDVI of fallow vegetation (0.59) became higher than the average level in forests. 
Conclusions
This paper analyzed the spatio-temporal dynamics of swidden agriculture in the five provinces of northern Laos from the four perspectives of area, spatial distribution, relationship with topographic factors, and land-use transformation to and from other land-use or land-cover types. It also analyzed the intensity of swidden use and the effects of the swidden cycle on fallow forest recovery. Some insightful conclusions can be drawn as follows:
(1) From 1990 to 2011, the area of swidden agriculture in northern Laos increased by 54.98%, from 1.54×10 5 ha to 2.38×10 5 ha. From 1990 to 2002, the area of swidden cultivation increased by 23.94%; these increases were distributed mainly in southwestern Bokeo, central Luang Namtha, and northern and central Phongsali. From 2002 to 2011, the area of swidden agriculture increased by 25.05%, and the increases were distributed mainly in southern Bokeo, Luang Prabang, and Oudomxay. Swidden cultivation was predominantly distributed at elevations of 500-800 m, 800-1000 m, and 1000-1500 m and on slopes of 10°-20° and 20°-30° in northern Laos. There were approximately equal proportions of swidden cultivation distributed in all aspects. More than 80% of swidden agriculture was transformed to or from forest land. In this study, we have delineated the swidden system in northern Laos at regional scale using Landsat TM/ETM+ imagery and proposed a new method of calculating the intensity of swidden use in relation to the swidden cycle and swidden frequency. The results and conclusions may contribute to the implementation of the REDD+ framework and the understanding of land use/cover changes (LUCC) in MMSEA. Due to the limited availability of long-term satellite imagery, the study duration of swidden intensity was limited to a period of only 11 years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . A longer time-series analysis will be more helpful in fully exploring the swidden intensity. In the future, further studies of the driving factors of change in swidden agriculture and the related socio-economic and environmental consequences in tropical uplands will be required.
